We reanalyzed the data from the Infrared Telescope in Space (IRTS) based on up-to-date observations of zodiacal light, integrated star light and diffuse Galactic light. We confirmed the existence of residual isotropic emission, which is slightly fainter, but at nearly the same level as previously reported. At wavelengths longer than 2 µm, our result is fairly consistent with recent observations with Japanese infrared astronomy satellite, AKARI. We performed all of our analyses using two different models of zodiacal light (Kelsall and Wright models). In both cases, we detect residual isotropic emission that is significantly brighter than the integrated light of galaxies (though slightly fainter in the case of the Wright model). Thus, we confirm the existence of excess near-infrared emission, independent of the zodiacal light model used. The spectral shape of the excess isotropic emission is similar to that of the recently observed spectrum of excess fluctuations, which suggests the excess brightness and fluctuations may arise from the same source.
Introduction
Observations of extragalactic background light (EBL) have been obtained over a wide range of wavelengths to examine the energy density of the universe. In particular, near-infrared EBL has been thought to provide important clues for our understanding of the early universe and the evolution of galaxies. Significant near-infrared isotropic emission, that cannot be explained with known foreground emission, was detected with the COsmic Background Explorer (COBE) (Cambrésy et al. 2001; Gorjian et al. 2000; Wright and Reese 2000; Levenson et al. 2007 ) and the InfraRed Telescope in Space (IRTS) (Matsumoto et al. (2005) , hereafter referred to as Paper I). Recent AKARI observations (Tsumura et al. 2013d ) also showed a result consistent with COBE and IRTS at wavelengths longer than 2 µm.
Due to the recent discovery of large excess fluctuations in the near-infrared sky (Kashlinsky et al. 2005 (Kashlinsky et al. , 2007a Matsumoto et al. 2011; Zemcov et al. 2014) , the excess background emission in the near-infrared has attracted more interest.
The result of paper I generated broad interest, given that the IRTS detection limit for point sources was much fainter ( ∼ 11 mag) than for COBE, and the low resolution spectroscopy aspect of IRTS was unique. However, as Mattila (2006) pointed out, paper I did not take the contribution of diffuse Galactic light (DGL) into account. Furthermore, uncertainty in the model of zodiacal light (ZL) (Kelsall et al. 1998 ) has been a concern, given that ZL is the dominant foreground emission, and that the spectral shape of the residual isotropic emission is similar to that of ZL (Dwek et al. 2005) .
In response to these criticisms, here we have reanalyzed the IRTS data using up-to-date observational results on ZL, integrated star light (ISL), and DGL. Furthermore, we performed the same analysis with a different ZL model (the so-called Wright model, Wright (1998) ), and examined how a different choice of ZL model affects our results.
In this paper, we briefly present the IRTS observations and the acquisition of raw data in Section 2. In Section 3, we estimate the contribution of foreground emission from ZL, ISL and DGL based on the latest observations. In Section 4, we search for residual isotropic emission using two ZL models based on the correlation of model ZL brightness with the overall sky brightness, after subtracting the ISL and DGL. In section 5, we discuss the astrophysical implications of the detected excess brightness.
IRTS observation
In this paper, we used the same data set as used in paper I. Here, we give a brief description of the IRTS mission and data acquisition process. Further details of the IRTS mission are described in paper I.
IRTS was one of the mission experiments on the small space platform, Space Flyer Unit (SFU), that was launched on March 18, 1995. The orbit was a low-inclination near-earth orbit and IRTS continuously surveyed the sky avoiding the sun and the earth.
The IRTS observations lasted for about 30 days, during which 7% of the sky was surveyed (Murakami et al. 1996) .
The Near InfraRed Spectrometer (NIRS) was one of the focal plane instruments of IRTS, and was optimized to obtain spectra of the diffuse background (Noda et al. 1994 ).
Details of the flight performance of NIRS can be found in Noda et al. (1996) . NIRS covered the wavelength range from 1.4 µm to 4.0 µm with a spectral resolution of 0.13 µm, which provided 24 independent wavelength bands. The beam size was 8 arcmin square and the detection limit for point sources was ∼11 mag, which is considerably fainter than that of COBE.
Data were taken with an integration time of 5 sec, during which no distinguishable stars and no cosmic ray hits were detected in any of the wavelength bands. After subtracting the dark current when the cold shutter was closed, the sky brightness signal was obtained.
During each 5 sec exposure, the telescope axis moved about 20 arcmin along a great circle, which resulted in a trapezoidal beam pattern, 8 arcmin × 20 arcmin.
For the analysis of background radiation, the data at high Galactic latitudes (b > 40
• )
were considered separately to minimize the foreground contribution from stars and Galactic emission. The highest Galactic latitude was 58
• , while the ecliptic latitude ranged from 12
• to 71
• in the selected region of sky.
Finally, complete spectra of the sky were obtained at 1010 fields, which were free from contamination and cosmic rays.
Foreground emission

Zodiacal light (ZL)
Zodiacal light (ZL) is emission from within the solar system, which consists of scattered sunlight and thermal emission by interplanetary dust. In paper I, we adopted the model by Kelsall et al. (1998) , which is a physical model constructed by using seasonal variations of ZL observed with the Diffuse InfraRed Background Explorer (DIRBE) on COBE. For the same DIRBE data, Wright (1998) proposed a different physical model based on the so-called "strong zodi principle", which assumed no residual emission at 25 µm toward the ecliptic pole. In this paper, we use both models and examine the resulting difference in EBL. As for the Wright model, we use the model revised by Gorjian et al. (2000) .
The model spectrum of ZL for the IRTS bands was obtained for the scattering and thermal emission components separately. For the scattering component, we simply assumed the spectral shape of the sun (ASTM G173-03 Reference System) 1 normalized to the model brightness in the K band. For the thermal component, we extrapolated the model brightness in the M band to the shorter IRTS wavelength bands, assuming a 300K blackbody based on recent AKARI observations (Tsumura et al. 2013b) . We obtained the model spectrum of ZL by summing the scattering and thermal emission components. Compared with the model used in paper I, the ZL component at wavelengths longer than 3 µm is a bit brighter.
We confirm the validity of the assumed ZL spectrum by comparing with observations in Section 4.
Integrated star light (ISL)
The integrated light from stars fainter than the IRTS magnitude limit (ISL) is a source of foreground emission. The best way to estimate the ISL is to count 2MASS stars in the beam. However, the uncertainty in attitude determination and the irregular beam pattern elongated along the scan path, make this analysis difficult. In paper I, we applied the SKY model (Cohen 1997) , and assumed a simple cosec(b) law to model the ISL in three selected fields. In this paper, we adopt an improved model, the so-called TRILEGAL galaxy model (Girardi et al. 2005) . We calculated the ISL for 12 equally spaced fields along the scan path in the J, H, K, L, and L S bands. We then performed 50 Monte Carlo simulations for each 1 square degree field and assigned the average values to be the typical ISL. However, the uncertainty of the TRILEGAL model is large, so we calibrated the model ISL by comparing with the ISL due to 2MASS stars in the H and K bands. We added a contribution from stars fainter than the 2MASS limiting magnitudes using the TRILEGAL 1 Available in electronic form at http://rredc.nrel.gov/solar/spectra/am1.5/astmg173/astmg173.html model, although this contribution to the ISL was only a few percent. Apart from the model error, we calculated the ISL assuming a limiting magnitude fluctuation of ± 0.5 mag, and added the difference to the errors. This error due to limiting magnitude fluctuations is slightly larger than the error due to the uncertainty in the model ISL. The ISL thus obtained is at a similar level to that of paper I, but based on more reliable brightness and spatial distributions.
Diffuse Galactic light (DGL)
In paper I, DGL was not taken into account as a source of foreground emission, as noted by Mattila (2006) . This was because no reliable observation of DGL had been reported at that time, and the contribution of DGL to the overall sky brightness was thought to be small. Using new observations of the near-infrared DGL, we have estimated the foreground contribution of DGL in the IRTS fields and bands. Tsumura et al. (2013c) obtained low resolution spectra of the diffuse sky with AKARI for the wavelength range from 2 µm to 5 µm, and detected a clear correlation between the near-infrared sky brightness and far-infrared emission (100 µm, Schlegel et al. (1998)). The PAH band at 3.3 µm was clearly detected, however, these observations were limited to the Galactic plane at b < 15
• . Arai et al. (2014) performed a similar correlation analysis with the data of the Low Resolution Spectrometer (LRS) (Tsumura et al. 2013a) , which is one of instruments in the sounding rocket experiment, CIBER (Cosmic Infrared Background ExpeRiment, Zemcov et al. (2013) ). They also detected a clear correlation at high Galactic latitudes, between the near-infrared sky brightness at 1 µm to 1.5 µm, and far-infrared emission. We used the far-infrared map compiled by Schlegel et al. (1998) , and retrieved the 100 µm brightness with a FOV of 12 arcmin diameter for each of the 1010 IRTS fields. Using the ratio of DGL to 100 µm brightness (Fig.1) , we obtained a DGL estimate for each of the 24 IRTS bands in the 1010 IRTS fields.
Residual isotropic emission
We measured the isotropic emission using the same procedure as in paper I. We first The lower plots in Fig.3 show the residual emission at 1.8 µm after subtracting all foreground emission components, which shows the residual emission is fairly isotropic.
Compared with Paper I (see Fig.9 in paper I), a considerably better isotropy was achieved due to the improved estimation of the foreground emission components. Fig.4 shows the slopes of the linear fit lines for both the Kelsall and Wright models. The spectrum of the ZL can be obtained by multiplying the solar spectrum by these values. In both models, the slopes are a few % larger than 1.0. We assume this represents the deviation of the ZL spectrum from the solar spectrum, which reflects the physical properties of interplanetary dust. It must be noted that there is no clear preference between the two models, since the error levels are roughly the same for the both.
As for the error of the ZL model, we adopted the deviation from isotropy. Taking statistical noise into account, we assigned the error of ±3% of the ZL brightness at high ecliptic latitudes for all wavelength bands and for both the Kelsall and Wright models. Fig.5 shows the measured residual isotropic emission for both the Kelsall and Wright models, in which two kinds of errors are plotted. Inner and outer error bars indicate random and total errors, respectively. Beyond random error, the systematic error moves the spectrum up and down retaining the spectral shape. Table 1 indicates the numerical values for residual emission and errors for the two models. Compared with the residual emission in paper I based on the Kelsall model, the present result yields ∼ 11 nWm −2 sr −1 as a lower peak value. A flat spectrum for the three shortest wavelength bands is also a characteristic feature found in this analysis. The Wright model yields ∼ 7 nWm −2 sr −1 , which is a lower value than that of the Kelsall model, but the spectral shape is very similar in both cases.
The results shown in Fig.5 imply that there exists excess near-infrared EBL independent of the ZL model used.
We also performed the same analysis including the thermal part of the DGL. In this case, we estimated the residual emission from the 3.28 µm PAH feature to be ∼ 20 % (∼ 2.6 nWm −2 sr −1 ) lower than that shown in Fig.5 , which results in a sharp absorption feature in the spectrum of residual emission. We also determined the sky brightness at 3.28 µm after subtracting the ZL component, and found that the ISL shows no correlation with far-infrared sky brightness. These results favor the non-existence of the PAH feature at high Galactic latitude. However, we cannot draw this conclusion, given that the random noise at 3.28 µm is large. In any case, the contribution of the thermal part of the DGL is nearly negligible and does not cause any significant change in our final result. (Fig.4) . Residual isotropic emission amounts to 1/4 of the ZL, which constitutes a significant signal that cannot be explained with known foreground emission sources. (2010) was adopted. In this analysis, improved consistency was found between IRTS and AKARI data. A blue Rayleigh-Jeans like spectrum of excess emission is clearly seen at wavelengths longer than 1.6 µm, as noted in Paper I.
Discussion
It is believed that fluctuations in the sky background directly provide a characteristic feature of the EBL, given that the fluctuation level of the ZL is so low (Pyo et al. 2012) .
Large fluctuations at angles greater than 100 arcsec, that cannot be explained with known foreground sources, have been detected with Spitzer at 3.6 and 4.5 µm ( 
